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Derived from Mesoderm during Development
of the Avian Head Skeleton
Richard A. Schneider1
Department of Zoology, Duke University, Durham, North Carolina 27708-0325
The lateral wall of the avian braincase, which is indicative of the primitive amniote condition, is formed from mesoderm.
In contrast, mammals have replaced this portion of their head skeleton with a nonhomologous bone of neural crest origin.
Features that characterize the local developmental environment may have enabled a neural crest-derived skeletal element
to be integrated into a mesodermal region of the braincase during the course of evolution. The lateral wall of the braincase
lies along a boundary in the head that separates neural crest from mesoderm, and also, neural crest cells migrate through
this region on their way to the first visceral arch. Differences in the availability of one skeletogenic population versus the
other may determine the final composition of the lateral wall of the braincase. Using the quail–chick chimeric system, this
investigation tests if populations of neural crest, when augmented and expanded within populations of mesoderm, will give
rise to the lateral wall of the braincase. Results demonstrate that neural crest can produce cartilages that are morphologi-
cally indistinguishable from elements normally generated by mesoderm. These findings (1) indicate that neural crest can
respond to the same cues that both promote skeletogenesis and enable proper patterning in mesoderm, (2) challenge
hypotheses on the nature of the boundary between neural crest and mesoderm in the head, and (3) suggest that changes in
the allocation of migrating cells could have enabled a neural crest-derived skeletal element to replace a mesodermal portion
of the braincase during evolution. © 1999 Academic PressKey Words: neural crest; mesoderm; quail–chick chimeras; braincase; skull; pleurosphenoid; alisphenoid; evolution.
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The vertebrate skull arises from two distinct lineages of
skeletogenic mesenchyme. Neural crest, which is an ecto-
dermal population that emerges during neurulation along
the dorsal margins of the neural tube, produces cartilages
and bones of the face and jaws (Noden, 1978a). Populations
of paraxial mesoderm that flank the sides of the neural tube
give rise to more posterior parts of the head skeleton (Couly
et al., 1992). The boundary that separates neural crest
derived from mesodermal elements in the skull reflects the
evolutionary origin of the head and is considered to be
highly conserved among vertebrates (Gans and Northcutt,
1983; Hall and Ho¨rstadius, 1988; Couly et al., 1993). How-
ever, during the transition from reptiles to mammals a
profound change occurred in the composition of the lateral
aspect of the skull, which challenges hypotheses on the
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All rights of reproduction in any form reserved.ignificance and conservative nature of this boundary.
ammals incorporated a neural crest-derived skeletal ele-
ent into a region of the braincase which, in the primitive
ondition, is formed from mesoderm. This transformation
as accompanied by striking modifications to the jaw
keleton and alterations to the shape and proportion of the
rain that, collectively, are key features of mammalian
volution (Kuhn and Zeller, 1987).
In the primitive amniote condition exemplified by birds
nd most reptiles, the lateral wall of the braincase contains
cartilaginous vertical pillar termed the pila antotica that
xtends along the posterior margins of the orbital region,
ies anterior to the otic capsule, and connects the orbital
artilage to the floor of the braincase (Fig. 1; Goodrich,
930). In birds, the pila antotica is derived from mesoderm
Le Lie`vre, 1978; Noden, 1978a; Couly et al., 1992, 1993). In
ome groups such as birds and crocodiles there are ossifica-
ions in the pila antotica and adjacent cartilages that give
ise to the pleurosphenoid bone along the side of the skull
de Beer, 1937; Romer, 1956; Rieppel, 1976). In therian
441
d
n
n
a
o
lisph
d bir
442 Richard A. Schneidermammals (marsupials and placentals), the pila antotica fails
to develop (Moore, 1981). Instead, a cartilaginous derivative
of the first visceral arch called the ala temporalis occupies a
position comparable to that of the pila antotica along the
lateral wall of the braincase (Presley and Steel, 1976; Pres-
FIG. 1. Lateral view of the cartilaginous braincase in a primitive a
which is a vertical cartilaginous pillar that connects the orbital car
from mesodermal mesenchyme. In mammals, the pila antotica does
from a totally different embryonic source (first-arch neural crest) a
ossifications occur in birds and mammals that have different rela
ossifications give rise to the pleurosphenoid bone of birds and the a
mammal are modified from Goodrich (1930) and Moore (1981), anley, 1989; Maier, 1989). Ossifications in the ala temporalis,
in addition to a neomorphic cartilage (the lamina ascen-
t
c
Copyright © 1999 by Academic Press. All rightens) and surrounding membrane, give rise to the alisphe-
oid bone (Moore, 1981; Clark and Smith, 1993). Although
o fate mapping data on the head skeleton are currently
vailable for mammals, the ala temporalis is presumed to be
f neural crest origin based on (a) its undisputed homology
te, bird, and eutherian (placental) mammal. Note the pila antotica,
e to the floor of the braincase. In birds, the pila antotica is derived
develop and a cartilaginous element called the ala temporalis forms
comes associated with the side of the braincase. Nonhomologous
to the three rami of the trigeminal nerve (V1, V2, and V3). These
enoid bone of mammals. Drawings of the primitive condition and
d is based on de Beer (1937).mnio
tilag
not
nd be
tionso part of the upper jaw (Goodrich, 1930; de Beer, 1937); (b)
ell lineage analyses in mice that reveal the presence of
s of reproduction in any form reserved.
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443Neural Crest Can Replace Mesoderm in the Skullneural crest mesenchyme in the presumptive alisphenoid
region at embryonic day 10.5, which is just prior to skel-
etogenesis (Osumi-Yamashita et al., 1994; Trainor and
Tam, 1995); and (c) experimental disruptions to several
genes (e.g., dEF1, Dlx1, Dlx2, gsc, Hoxa2, and MHox) that
principally affect populations of first-arch neural crest and
their derivatives including the ala temporalis (Takagi et al.,
1998; Qiu et al., 1995, 1997; Rivera-Perez et al., 1995;
Yamada et al., 1995; Gendron-Maguire et al., 1993; Rijli et
al., 1993; Martin et al., 1995; for review see Smith and
Schneider, 1998). While the pleurosphenoid and alisphenoid
are clearly nonhomologous elements as evidenced by their
phylogenetic history and embryonic origins, these bones
play analogous roles in closing the cranial cavity around the
brain, surrounding the sensory ganglion and rami of the
FIG. 2. Avian fate map for the lateral wall of the braincase. The em
to specific levels along the neural tube and paraxial mesoderm using
shading shown here to distinguish elements generated by neural cr
Noden (1982, 1983a, 1986) as well as his recent unpublished retrov
to the origin of the cranial vault (i.e., frontal and parietal bones); h
the braincase. Somitomere 4 contributes to the presumptive pleuros
from neural crest along its rostral margin and mesoderm on its cau
otic capsule; os, orbitosphenoid; pa, parietal. Based on unpublishedtrigeminal nerve, and providing an attachment site for jaw
adductor muscles (Smith, 1993).
Copyright © 1999 by Academic Press. All rightThe evolutionary loss of the pila antotica and its
replacement by the ala temporalis in the lateral wall of
the mammalian braincase may have been facilitated by
changes in the allocation of neural crest and mesodermal
mesenchyme in the local developmental environment.
While for the most part, specific morphogenetic move-
ments segregate these dual skeletogenic lineages into
distinct and mutually exclusive territories (Fig. 2; for
discussion see Noden, 1984), at least two observations
suggest that the side of the skull, even in the primitive
condition, may be uniquely predisposed to arise from
neural crest as well as from mesoderm. First, the lateral
wall of the braincase lies along the interface between
neural crest and mesoderm in the head, and second, it
forms within a major migratory pathway for neural crest
nic origins for each cartilage and bone of the skull have been traced
rospecific quail–chick chimeras and retroviral lineage tracers. The
om those of mesodermal origin is based on fate maps presented by
data. Couly et al. (1993) present slightly different data with regard
er, there is no conflict concerning the origin of the lateral wall of
oid skeletal element. Note that the hypophysial fenestra is derived
side. Abbreviations are as follows: bs, basisphenoid; fr, frontal; oc,
wings by D. Noden as well as those of Couly et al. (1993).bryo
hete
est fr
iral
owev
phenen route to the first visceral arch (Noden, 1986; Trainor
and Tam, 1995). Therefore, during ontogeny this area is
s of reproduction in any form reserved.
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444 Richard A. Schneideralready closely associated with populations of neural
crest, including those cells destined to give rise to
cartilages and bones of the jaws, as well as all of the
connective tissues that attach the jaw adductor muscles
to the lateral wall of the braincase (Ko¨ntges and Lums-
den, 1996). But how could neural crest come to serve as a
source of skeletogenic mesenchyme in a region of the
braincase which, in the primitive condition, contains
only contributions from mesoderm? Changes in the pro-
portion or location of migrating cells might produce a
shift from mesoderm to neural crest as the embryonic
source of skeletogenic mesenchyme along the side of the
skull, if neural crest was competent to act like mesoderm
and if morphogenetic processes that normally pattern the
skeleton did not discriminate between these two mesen-
chymal populations. Such a result would represent a
potential process by which populations of neural crest
that normally contribute to other structures such as the
jaw skeleton could produce a component of the lateral
wall of the braincase during the course of evolution.
This investigation tests if neural crest, when placed
within mesenchymal populations destined for the side
wall of the skull, will participate in the formation of a
skeletal element which in birds is normally derived from
mesoderm. While such an experiment cannot replicate
the transformation that occurred during evolution, since
the mammalian alisphenoid arose as a modified portion
of the upper jaw skeleton that was incorporated into the
braincase in place of the pleurosphenoid, the purpose is
to understand how changes in the mesenchymal origin of
the skeleton can arise and provide insight on the abilities
of neural crest to respond to cues that normally promote
skeletogenesis and enable appropriate patterning in me-
soderm. Fate mapping experiments using chimeric trans-
plants (Couly et al., 1992, 1993) and retroviral lineage
markers (D. Noden, unpublished data) have demonstrated
that the avian pleurosphenoid is derived exclusively from
mesoderm (Fig. 2). The quail– chick chimeric system (Le
Douarin, 1973) is used to introduce neural crest cells that
usually contribute to skeletal elements of the face and
portions of the jaws into a mesodermal population that
normally gives rise to the pleurosphenoid. Results dem-
onstrate that transplanted neural crest cells can give rise
to a pleurosphenoid that is morphologically indistin-
guishable from that found in normal and control em-
bryos. Such findings indicate that (1) neural crest is
competent to respond to the same cues in the local
developmental environment that initiate skeletal differ-
entiation and promote proper patterning in mesoderm, (2)
the embryonic source of mesenchyme is relatively unim-
portant during skeletogenesis in some regions of the
skull, and (3) developmental changes in the allocation or
migration of neural crest cells might account for evolu-
tionary differences between mammals and other verte-
brates in the mesenchymal origins of the lateral aspect of
the braincase.
Copyright © 1999 by Academic Press. All rightMATERIALS AND METHODS
Experimental Transplantations
Midbrain level neural crest cells were grafted heterotopically
from quail embryos into paraxial mesoderm lateral to the anterior
hindbrain of chicken embryos (Fig. 3). These neural crest cells were
selected due to their relatively high abundance, known pluripo-
tency, and lack of irreversible patterning prior to migration (for
discussion see Noden, 1978a). Donor quail (Coturnix coturnix
japonica) and host chicken (Gallus domesticus) eggs were incu-
bated at 37°C in a humidified chamber for between 30 and 40 h
(Stages 9 and 10 of Hamburger and Hamilton, 1951). Eggs were
windowed using surgical scissors and transparent tape and the
embryos visualized by the application of a neutral red solution
(0.02 g/ml sterile saline) with a blunt glass rod. Flame-sharpened
tungsten needles (100-mm wire) were used to cut and pull back the
itelline membrane over the head region and for all other surgical
perations.
To prepare host chicken embryos at Stage 10 (10 somites), a
mall incision was made through the overlying ectoderm and into
he paraxial mesoderm, which at this stage is loosely organized into
even balls of mesenchyme termed somitomeres (Anderson and
eier, 1981). Because individual somitomeres cannot be distin-
uished in living embryos, the locations of somitomeres 4, 5, and 6
ere defined with the use of an ocular micrometer and based on
heir position lateral to easily recognizable landmarks in the
nterior hindbrain. Strips of tissue approximately 200 mm in
length, consisting predominately of prospective neural crest cells,
were excised from quail donors at Stage 9 (7 somites) and trans-
planted into chicken hosts (Fig. 3). This donor stage is a time when
neural crest cells are most abundant along the dorsal midline of the
anterior neural tube. Donor graft tissue was then positioned and
inserted into the host incision. As a control, orthotopic mesoderm
grafts of somitomeres 4, 5, and 6 were made from donor quail
embryos at Stage 81 (5 somites) into somitomeres 4, 5, and 6 of
Stage 10 chicken hosts. This donor stage is a time prior to any
emigration of neural crest cells (Tosney, 1982) and therefore
prevents contamination of the paraxial mesoderm. These controls
are identical to transplants performed by Noden (1983a). After
surgery, eggs were closed with tape and allowed to sit in a high
humidity incubator for 1 to 2 h. Operated embryos were then
inspected for proper healing of the graft, moistened with sterile
saline, closed with tape, and incubated up to Stage 40 (embryonic
day 14), when lateral skeletal elements of the braincase are well
formed (Jollie, 1957).
Assay and Analysis of Chimeras
The surviving chimeric embryos were sacrificed and their heads
fixed in Serra’s fixative (100% ethanol:formalin:glacial acetic acid,
6:3:1) overnight at 4°C, dehydrated, and paraffin wax embedded.
Each head was cut into 10-mm coronal sections and mounted on
microscope slides.
To ascertain the presence of quail donor cells in chicken hosts,
the majority of sections were immunostained with the quail
nuclei-specific Q¢PN monoclonal antibody (Fig. 4A; Developmen-
tal Studies Hybridoma Bank, University of Iowa). Sections were
deparaffinized in Hemo-De (Fisher) and rehydrated, and endoge-
nous peroxidase activity was blocked with a 0.23% H2O2 solution
for 15 min. Five hundred microliters of primary antibody (Q¢PN
supernatant diluted 1:10 in 5% normal goat serum (Sigma)) was
applied to each slide, and slides were incubated overnight at 4°C in
s of reproduction in any form reserved.
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445Neural Crest Can Replace Mesoderm in the Skullhumidity trays. A peroxidase-conjugated goat anti-mouse IgG sec-
ondary antibody (Jackson ImmunoResearch) was applied, diluted
1:250 in 5% normal goat serum, and slides were incubated for 2 h
at 4°C in humidity trays. A diaminobenzidine (Sigma) reaction (0.2
mg/ml PBS with 0.005% H2O2) was performed for 30 min.
To screen for the possibility of mesodermal contamination in
he neural crest transplants, some sections adjacent to those with
ositive quail neural crest cells were immunostained with the
uail endothelial-specific QH1 monoclonal antibody (Develop-
ental Studies Hybridoma Bank, University of Iowa) following the
bove procedure except diluted 1:500, incubated for 30 min at room
emperature, and reacted for 3 min in diaminobenzidine. This
ntibody recognizes quail hemopoietic and endothelial cells which
re derived exclusively from mesoderm (Fig. 4B; Cuadros et al.,
992; Couly et al., 1995). All sections were counterstained with
ast Green FCF (0.1% in 1% acetic acid).
Each chimeric case was examined for morphological abnormali-
ies by comparison to its nonsurgical contralateral side and to other
ormal chicken embryos. Distribution of quail cells throughout
FIG. 3. Experimental and control transplants of neural crest and
level neural crest cells into somitomeres 4, 5, and 6 in an attempt
in the face and jaws with mesoderm cells that normally give rise to
4, 5, and 6 serve as controls. Drawings are based on Noden (1983ahe head was noted but particular emphasis was placed on the
resence of quail cells in the region around the lateral wall of the
Copyright © 1999 by Academic Press. All rightraincase. These data were compared to published fate maps of the
vian head skeleton that were produced with the use of quail–chick
himeras (Le Lie`vre and Le Douarin, 1975; Le Lie`vre, 1978; Noden,
978a, 1982, 1983a; Couly et al., 1992, 1993) as well as to
npublished fate maps, whole embryos, and sectioned material
enerated by retroviral labeling of cells (D. Noden, personal com-
unication). Following the work of Noden (1982, 1983a, 1986, as
ell as his recent unpublished retroviral data) the cranial vault (i.e.,
rontal and parietal bones) is considered to be of mesodermal origin,
hich differs from the results of Couly et al. (1993). However, all
fate maps are in agreement on the mesodermal origin of the lateral
wall of the avian braincase.
RESULTS
Orthotopic Mesoderm Controls
Orthotopic grafts of quail mesoderm cells from somito-
derm. The quail–chick chimeric system is used to graft midbrain
ix neural crest cells that normally contribute to skeletal elements
pleurosphenoid bone. Orthotopic mesoderm grafts of somitomeresmeso
to mmeres 4, 5, and 6 into the same region of host chicken
embryos confirm that these populations normally give rise
s of reproduction in any form reserved.
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446 Richard A. Schneiderto the lateral aspects of the braincase (n 5 6). Quail
mesodermal cells were found throughout the cartilages that
ossify as the pleurosphenoid bone adjacent to the trigeminal
sensory ganglion (Figs. 4C and 4D) and in the jaw adductor
muscles which are normally derived from this population
as well. The results of these control transplants are identi-
cal to those of Couly et al. (1992, 1993) and Noden (1983a
and unpublished data).
Heterotopic Neural Crest Transplants
Quail neural crest cells when transplanted from the
midbrain level into chicken mesodermal mesenchyme of
FIG. 4. Experimental antibody and transplant controls as shown i
Q¢PN monoclonal antibody was used to detect the presence of qua
but quail cells appear black from a peroxidase-conjugated seconda
mesodermal contamination following neural crest transplants. M
black in quail embryos. (C and D) Results of orthotopic mesoderma
presumptive pleurosphenoid cartilage (pila antotica) around the trig
cells. A boundary between these populations is indicated by small
sensory ganglion. Scale bar, 100 mm.somitomeres 4, 5, and 6 can participate in the formation of
the lateral wall of the braincase as well as some neighboring
s
t
Copyright © 1999 by Academic Press. All rightlements normally derived from mesoderm (n 5 12). In each
ase, the size, shape, and position of the chimeric skeletal
lements were indistinguishable from the morphology
ound in normal and control embryos of equivalent stages
compare Figs. 4C and 4D with Figs. 5B and 5C). The
leurosphenoid bone, which is ordinarily derived exclu-
ively from mesoderm (Couly et al., 1992, 1993), often
ontained large clusters as well as randomly dispersed
ndividual cells of quail neural crest. In several cases, a
ajority of the pleurosphenoid was derived from quail
eural crest (Figs. 5A, 5B, and 5C) and yet morphologically,
hese chimeric elements were identical to their mesoder-
ally derived counterparts on the nonsurgical contralateral
mm paraffin sections counterstained with Fast Green FCF. (A) The
ls in chicken hosts. This antibody does not recognize chicken cells
tibody. (B) The QH1 monoclonal antibody was used to reveal any
rmally derived vascular endothelia and hemopoietic cells appear
trol transplants. Note the presence of quail mesoderm cells in the
al sensory ganglion along with unlabeled chicken host mesodermal
s. Abbreviations are as follows: pls, pleurosphenoid; V, trigeminaln 10-
il cel
ry an
esode
l con
eminide and in control embryos. All experimental contribu-
ions of quail donor neural crest cells to mesodermal
s of reproduction in any form reserved.
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447Neural Crest Can Replace Mesoderm in the Skullregions of chicken host skulls are shown as a composite in
Fig. 6. Other mesodermal derivatives such as muscles or
vascular tissues never contained contributions of quail
neural crest cells. This is also confirmed by the quail
endothelial-specific QH1 monoclonal antibody, which in
these cases was negative for quail endothelial cells.
In addition to forming a skeletal element normally
derived from mesoderm, the transplanted quail neural
crest cells can also contribute to three types of typical
neural crest derivatives. First, these cells combined with
populations that moved between the surface ectoderm
FIG. 5. Examples of quail neural crest cells contributing to large po
transplanted from the midbrain into chicken mesoderm of somitom
braincase as well as surrounding connective tissues that published
C) Note the presence of quail neural crest-derived chondrocytes
antotica) around the trigeminal sensory ganglion. Compare with th
is labeled following the transplantation of quail mesoderm but t
chondrocytes can be seen clearly at higher magnification. Coronal p
immunostained with the Q¢PN monoclonal antibody. Small arrow
neural crest and skeletal cells derived from host chicken mesoderm
m.o, extrinsic ocular muscle; pls, pleurosphenoid; and V, trigeminand the underlying mesodermal mesenchyme to differen-
tiate as pigment-forming melanocytes in the epidermis
a
t
Copyright © 1999 by Academic Press. All rightovering the frontal and parietal bones, the posterior
rbital region, and the otic capsule (data not shown).
econd, these quail neural crest cells mixed with neural
rest populations derived from the anterior hindbrain
rhombomeres 1 and 2), migrated into the proximal first
isceral arch region, and gave rise to large portions of
keletal elements such as the squamosal, quadrate, and
eckel’s cartilage (data not shown). Third, these cells
ggregated beside rhombomere 2 of the hindbrain and
ormed neurons and accessory cells in the trigeminal
ensory ganglion (V) as well as the Schwann sheath cells
s of the chicken pleurosphenoid. (A) Quail neural crest cells, when
s 4, 5, and 6, participate in the formation of the lateral wall of the
maps have shown to be normally derived from mesoderm. (B and
h appear black in the presumptive pleurosphenoid cartilage (pila
trol cases shown in Figs. 4C and 4D, in which the pleurosphenoid
igeminal sensory ganglion is not. (D) Quail neural crest-derived
n sections are of chimeric embryos at Stage 40 (embryonic day 14)
dicate a boundary between skeletal cells derived from quail donor
breviations are as follows: bs, basisphenoid; e, eye; hp, hypophysis;
nsory ganglion. Scale bar, 100 mm.rtion
ere
fate
whic
e con
he tr
araffi
s inlong its three rami. In some cases almost every cell in
he proximal (nonplacodal) portion of this ganglion was
s of reproduction in any form reserved.
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448 Richard A. Schneiderderived from quail neural crest (Fig. 5D). The ciliary
ganglion and oculomotor nerve (III), which also originate
from anterior hindbrain neural crest (Noden, 1978b),
often contained numerous quail cells as well (data not
FIG. 6. Composite of experimental contributions of neural crest
uail neural crest cells, when transplanted from the midbrain into
ormation of the lateral wall of the braincase as well as surroundin
esodermal territory. Arrows correspond to the representative co
ocation of quail neural crest cells within chicken pleurosphenoid
tic capsule; os, orbitosphenoid; pa, parietal; pls, pleurosphenoid. D
f Couly et al. (1993). The shading used here to distinguish elemen
n fate maps presented by Noden (1982, 1983a, 1986) as well as his
lightly different data with regard to the origin of the cranial vault (
he origin of the lateral wall of the braincase.shown).
In some cases (n 5 4) the grafted tissue extended into
p
s
Copyright © 1999 by Academic Press. All rightlightly more posterior regions of the paraxial mesoderm,
nd neural crest cells contributed to caudal structures
adjacent to rhombomeres 4 and 5) such as the facial (VII)
nd vestibulocochlear (VIII) nerves and ganglia, as well as
to skeletal elements normally derived from mesoderm (n 5 12).
cken mesoderm of somitomeres 4, 5, and 6, can participate in the
nective tissues that published fate maps have shown to be within
l paraffin sections shown in Fig. 5 and indicate the approximate
ents. Abbreviations are as follows: bs, basisphenoid; fr, frontal; oc,
gs based on unpublished illustrations by D. Noden as well as those
enerated by neural crest from those of mesodermal origin is based
t and unpublished retroviral data. Couly et al. (1992, 1993) present
rontal and parietal bones); however, there is no conflict concerningcells
chi
g con
rona
elem
rawin
ts g
recenortions of the otic capsule and frontal bone (data not
hown).
s of reproduction in any form reserved.
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The Fate of Neural Crest Is Determined in the
Local Developmental Environment
In this experiment, midbrain level neural crest cells were
transplanted into populations of paraxial mesoderm that
were destined to form the lateral wall of the skull. Neural
crest cells, which would have become dermal bones and
connective tissues in the face and distal aspects of the jaw
skeleton (Ko¨ntges and Lumsden, 1996), gave rise to a variety
of components that are specific to their new local develop-
mental environment. First and foremost to this study, these
transplanted neural crest cells produced cartilages and
bones along the lateral wall of the braincase that are usually
formed from mesoderm. Second, they participated in the
formation of other neural crest-derived cartilages, bones,
and connective tissues throughout the proximal jaw region
and lateral aspects of the skull. Third, these cells, which
normally would not form ganglionic neurons, contributed
to the trigeminal ganglion as well as its three rami. Fourth,
these cells gave rise to pigmentation in the epidermis.
These results are consistent with previous findings that
anterior hindbrain, midbrain, and forebrain neural crest
cells when transplanted at any level along the neural tube
can generate tissues appropriate to their new environment
with all histological and morphological aspects being nor-
mal (e.g., Noden, 1978a). These cranial neural crest cells
appear to be a highly plastic population whose fate is
determined primarily in the local developmental environ-
ment (see also Scherson et al., 1993; Le Douarin et al., 1994;
Baker et al., 1997).
How do these grafted and heterotopic neural crest cells
become distributed throughout the local developmental
environment? Normally, neural crest cells that originate
from the anterior hindbrain and midbrain, which are ap-
proximately the same axial level as the site of transplanta-
tion in this experiment, undergo three patterns of dispersal
as illustrated in Fig. 7. These migrations appear to be
facilitated, promoted, or directed by specific mediators of
cell contact-dependent interactions such as ephrins (Robin-
son et al., 1997; Smith et al., 1997) as well as a complex
extracellular matrix of components including hyaluronic
acid, chondroitin sulfate, fibronectin, laminin, tenascin,
and collagens (Mackie et al., 1988; Bilozur and Hay, 1988;
Perris et al., 1991; Pettway et al., 1996; Kil et al., 1997). The
largest population of neural crest travels beneath surface
ectoderm to the first visceral arch (Lumsden et al., 1991;
Sechrist et al., 1993). Another population moves ventrally
along the hindbrain; most of these cells contribute to the
trigeminal sensory ganglion (Webb and Noden, 1993), but
some also continue on to the first visceral arch (Noden,
1988). A third population disperses superficially and be-
comes pigmentation in the epidermis (Noden, 1978a). Pre-
sumably, the extent to which transplanted neural crest cells
participated in each of these patterns of dispersal depended
upon the overall quantity of cells as well as the dorsoventral
Copyright © 1999 by Academic Press. All rightdepth and mediolateral position of the grafted tissue when
placed within paraxial mesoderm. These donor neural crest
cells apparently combined with any neighboring host popu-
lations and, therefore, acted opportunistically, with their
fates being determined by the course and timing of their
migration, as well as their terminal locations (for discussion
see Bronner-Fraser, 1994, 1995; Baker et al., 1997).
Neural Crest Is Competent in an Environment
That Normally Patterns Mesoderm
The results of this study demonstrate that mesenchyme
of neural crest origin is equivalent to mesenchyme of
mesodermal origin with regard to its ability to respond to
inductive and patterning information in the local environ-
ment and form skeletal elements beside the rostral hind-
brain. In this experiment, transplanted populations of neu-
ral crest were able to differentiate as skeletal cells and be
patterned into cartilages that are morphologically indistin-
guishable from mesodermally derived elements found in
normal and control embryos (compare Figs. 4C and 4D with
Figs. 5B and 5C). The ability of neural crest cells to form
cartilages in this region, when normally they would not,
supports the hypothesis that differences in the availability
of one population of skeletogenic cells over the other can
determine the final composition of the lateral wall of the
skull. Although normally some cells from these dual mes-
enchymal populations do intermingle, a majority of the
neural crest remains segregated from the paraxial meso-
derm by migrating either dorsal or medial to the somito-
meres (Anderson and Meier, 1981; Tosney, 1982; Hacker
and Guthrie, 1998). However, the grafts performed here
placed neural crest cells deep within populations of meso-
derm and, in effect, forced them to mix. These results are
not entirely surprising given that on a gross histological
level both of these populations consist of scattered stellate-
shaped cells that migrate through similar extracellular
environments and differentiate into comparable skeletal
phenotypes. Under normal circumstances the cartilages and
bones derived from either source are identical as tissues and
their segregation into two distinct regions of the head can
be detected only with the use of lineage markers (Noden,
1987).
The ability of both of these mesenchymal lineages to
participate in the formation of skeletal elements may
depend on contextual factors such as when they migrate,
where they are, and with what potentially inductive stimuli
they come into contact. Grafted neural crest cells may be
responding directly to signals that normally induce the
condensation and differentiation of mesoderm or they may
be affected indirectly by surrounding mesodermal cells that
have already been induced (i.e., homogenetic induction).
Both processes occur in populations of mesenchyme during
skeletogenesis (reviewed by Hall, 1987). These grafted neu-
ral crest cells may also be changing their patterns of gene
expression in response to their new environment (see for
example, Prince and Lumsden, 1994; Grapin-Botton et al.,
s of reproduction in any form reserved.
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450 Richard A. Schneider1995; Saldivar et al., 1997; Couly et al., 1998), especially
FIG. 7. Model for the movements of normal and experimentally tr
(right side only) of an avian embryo. Presumptive structures are l
emigrates from the anterior hindbrain (rhombomere 2) contains
skeleton. Another population moves medially and ventrally along
third population consists of those cells destined to become pigmen
when experimentally transplanted from the midbrain into chicken
rise to pigment cells in the ectoderm, the trigeminal sensory gang
these grafted populations also mix with mesodermal mesenchyme f
lateral wall of the skull.those signals that normally pattern the mesodermal mes-
enchyme in the lateral wall of the braincase. Testing this
Copyright © 1999 by Academic Press. All righthypothesis would be possible if markers were available that
anted populations of neural crest shown in schematic cross section
d in italics. Normally, the largest population of neural crest that
that travel to the first visceral arch and differentiate as the jaw
indbrain and contributes to the trigeminal sensory ganglion (V). A
n in the ectodermally derived epidermis. Quail neural crest cells,
oderm of somitomeres 4, 5, and 6, mix with neural crest and give
and skeletal tissues in the first visceral arch. Most significantly,
the somitomeres and contribute to the pleurosphenoid bone in theanspl
abele
cells
the h
tatio
mes
lion,could distinguish between neural crest and mesodermal
craniofacial mesenchyme and also could identify those cells
s of reproduction in any form reserved.
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451Neural Crest Can Replace Mesoderm in the Skulldestined to form skeletal elements. While currently there
are some genes that appear to be expressed primarily in
these rostral populations of cranial neural crest (e.g., Dlx2,
Msx2, and Otx2) they are not unique to the skeletogenic
ineage and their expression ends long before cartilages and
ones along the side of the skull can be identified (Bulfone
t al., 1993; Dolle et al., 1993; Matsuo et al., 1995; Qiu et
al., 1997; Foerst-Potts and Sadler, 1997).
The results reported here also suggest that both neural
crest and mesodermal populations have quite similar onto-
genetic experiences as they acquire a skeletogenic fate.
Skeletogenesis from either source of mesenchyme appears
to involve the same obligate events such as condensation in
subpopulations of cells, epithelial interactions (Hall and
Miyake, 1992, 1995; Dunlop and Hall, 1995), and other
external and matrix-mediated factors that promote the
formation of cartilage and bone (Thorogood, 1988). Previous
experiments in which surface ectoderm or underlying brain
tissues were removed during development result in the
absence of both neural crest and mesodermally derived
bones (Schowing, 1968; Bee and Thorogood, 1980; Tyler,
1983; Hall, 1987). Interestingly, the neural crest-derived
alisphenoid of mammals and the mesodermally derived
pleurosphenoid of birds form in close opposition to the
trigeminal sensory ganglion, although there are few data to
suggest that this large neural structure plays an inductive
role during skeletogenesis.
Despite the similarities between neural crest and meso-
dermal mesenchyme, there are instances in which these
two lineages are not interchangeable and former attempts
to achieve normal development with the substitution of
one population for the other have been unsuccessful. Me-
soderm has never been shown to migrate or undergo appro-
priate cytodifferentiation when placed into a neural crest
environment, and while this failure may be due to problems
involving the source and timing of transplants, there are
likely to be inherent differences between these two popu-
lations since they can mix during their migrations yet
consistently segregate into distinct regions of the head
(Noden, 1987). Moreover, in vitro experiments have dem-
onstrated that cartilages derived from mesoderm will fuse
together readily as will cartilages derived from neural crest,
but cartilages of the two populations will not join together
(Chiakulas, 1957; Fyfe and Hall, 1979). Even under normal
in vivo conditions when cranial elements of neural crest
and mesodermal origins do come together, such as in the
otic capsule, around the hypophyseal fenestra, and along
the frontonasal regions, either a secondary fusion occurs
between initially separate skeletogenic centers or one cen-
ter is entrapped by the growth of surrounding tissues
(Noden, 1988). Le Douarin and Teillet (1974) demonstrated
that cranial neural crest cells, when grafted into the trunk,
can contribute to the mesodermally derived vertebrae.
However, their results were limited to two cases and the
transplanted neural crest cells were found only in small
numbers and in quite restricted areas of the vertebral
cartilages.
Copyright © 1999 by Academic Press. All rightResults from the transplantations performed here are
unlike those from previous experiments in that large num-
bers of neural crest cells were dispersed throughout meso-
dermally derived cartilages in the lateral wall of the brain-
case, and no atypical process of skeletogenesis (i.e.,
formation of cartilaginous nodules) could be detected after
examining early stages of mesenchymal condensation and
late stages of differentiation. The success of this experiment
may reside in the fact that neural crest cells were grafted
into an environment that normally promotes the migration,
differentiation, and patterning of both types of skeletogenic
mesenchyme. Moreover, the neural crest populations trans-
planted in this experiment were those that do not usually
express Hox genes, which may enable them to be integrated
into ectopic locations of the skeleton (Couly et al., 1998).
Migratory Changes in Neural Crest Can Alter the
Interface with Mesoderm
A common feature in vertebrate head organization is the
interface between neural crest and mesoderm. Fate map-
ping studies in divergent groups such as lampreys, teleosts,
amphibians, birds, and mammals have indicated that the
spatial distribution of these dual mesenchymal lineages is
conserved (reviewed by Hall, 1987; Hall and Ho¨rstadius,
1988; Gans, 1993; Thorogood, 1993). However, most of
these analyses have involved the inexact and problematic
technique of cell ablation and few taxa have been examined
with the more precise method of cell lineage tracing. In
birds, as determined with the use of quail–chick chimeras
and more recently with retroviral infection of individual
cells, the borderline between neural crest and mesodermal
mesenchyme runs from the forebrain–midbrain junction,
behind the adenohypophysis, dorsal to each branchial arch,
and caudally up to the laryngotracheal diverticulum (No-
den, 1975, 1986). Neural crest-derived regions include the
facial and visceral arch skeletons while the mesodermal
territory spans the basicranium and occipital arch (Le
Lie`vre and Le Douarin, 1975; Noden, 1978a; Le Lie`vre,
1978; Couly et al., 1993). A majority of data indicate that
the frontal and parietal bones of the cranial vault are
mesodermal in origin, but one report calls this into ques-
tion (i.e., Couly et al., 1993). However, there is no conflict
concerning the mesodermal origin of the lateral wall of the
braincase.
Results from the experiment conducted here suggest that
differences in mesenchymal origin for a particular bone or
cartilage may be attributed to its location in either neural
crest or mesodermal regions of the head when differentiat-
ing. Skeletal elements that develop dorsal and caudal to this
interface form from mesoderm since this is the only mes-
enchymal population available. Conversely, all cartilages
and bones that grow ventral and rostral to this division are
derived from neural crest. Whether this boundary that
separates neural crest from mesodermal mesenchyme rep-
resents a primary level of organization in the head or a
secondary consequence of two migratory populations com-
s of reproduction in any form reserved.
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452 Richard A. Schneidering together is debatable. Some workers have argued that
the interface between neural crest and mesoderm is corre-
lated with a fundamental division between an anterior
“new” head and posterior “old” head of vertebrates (Gans
and Northcutt, 1983; Hunt et al., 1991; Couly et al., 1993).
his claim has been based on various functional, morpho-
ogical, and developmental data that suggest that these
two heads” are intrinsically dissimilar in their organiza-
ion (discussed by Hunt et al., 1991; Thorogood and Han-
en, 1992; Gans, 1993).
However, the results presented here suggest that the
ivision between neural crest and mesoderm may not be a
echanistically relevant feature in the developmental or-
anization of the vertebrate head, but instead appears to be
byproduct of the positions and movements of dual mes-
nchymal populations. This finding in no way negates the
mportant role that neural crest most likely played in the
rigin and diversification of vertebrates and in the elabora-
ion of their skeletal and sensory systems (e.g., Gans and
orthcutt, 1983; Northcutt and Gans, 1983). But the fact
hat the relative proportions of cells along the interface can
e altered through experimental manipulation indicates
hat this interface has the potential to be vagile during
volution. Previous heterotopic transplants, of quail neural
rest cells taken from levels rostral to the middle of the
indbrain and grafted in the place of chicken posterior
indbrain neural crest cells, produced substantial shifts in
he relative proportions of neural crest and mesodermal
ells in the membranous labyrinth and otic capsule without
bvious dysmorphologies (Noden, 1983b). Unlike the re-
ults of the experiments conducted here, Noden (1983b) did
ot find that transplanted neural crest cells contributed to
keletal elements that are usually formed entirely from
esoderm, but only to parts of the otic capsule where both
opulations are normally present. Nonetheless, his results
emonstrate that an overabundant neural crest population
an displace mesoderm and alter the mesenchymal origins
f some cartilages and bones. Along with data from the
urrent paper, such findings reduce the developmental
ignificance of the boundary between neural crest and
esoderm in the skull and perhaps are grounds to suspect
reater evolutionary variability among vertebrates in the
nterface between these two populations. Factors such as
ell population size, anteroposterior location, or timing of
igration probably play a role in establishing the relations
etween neural crest and mesoderm in the head. Differ-
nces in the timing of neural crest migration relative to
eural fold closure are known to exist among several classes
f vertebrates (Hall and Ho¨rstadius, 1988) and the specific
oundary location might vary as a consequence.
Evolution and Homology in the Lateral Wall
of the Braincase
Although the experiment conducted here successfully
converted a skeletal element normally derived from meso-
derm into one generated by neural crest, this result is not
Copyright © 1999 by Academic Press. All rightquivalent to the transformation that occurred in the lateral
all of the braincase during the evolution of mammals. The
ammalian alisphenoid arose as a modified portion of the
pper jaw skeleton that was incorporated into the braincase
n place of the pleurosphenoid. The nonhomology of these
ones is due to more than just a difference in the source of
heir skeletogenic mesenchyme. Structures in different
rganisms can be homologous only if they arise as a result
f inheritance from a common ancestor and shared devel-
pmental pathways (Roth, 1988, 1991). The nonhomology
etween the pleurosphenoid and the alisphenoid is based on
a) the loss of the primitive pila antotica during the evolu-
ion of therian mammals; (b) the replacement of the pila
ntotica by a derivative of the first visceral arch (the ala
emporalis) during the evolution of therian mammals; (c)
ifferences in the embryonic origins of each of these skel-
tal elements, specifically, the tissues from which they are
erived and the manner in which they ossify; and (d) the
patial relations of each of these skeletal elements to
urrounding structures, particularly the three rami of the
rigeminal cranial nerve (V1, V2, and V3).
Similar criteria when applied to other vertebrates reveal
that additional groups evolved nonhomologous cartilages
and bones in the lateral wall of the braincase. In the
primitive condition found in cartilaginous fish, amphib-
ians, most reptiles, and birds, the lateral wall of the brain-
case contains the pila antotica (Fig. 1; de Beer, 1937; Romer,
1956; Bellairs and Kamal, 1981). In some of these groups
ossifications in the pila antotica produce the pleurosphe-
noid bone (Rieppel, 1976). In most bony fish, however, the
pila antotica is absent and a new element termed the pila
lateralis supports the posterior margins of the orbital carti-
lage (Goodrich, 1930). Ossifications in the pila lateralis give
rise to the pterosphenoid bone (de Beer, 1937). The pila
antotica has also been lost in snakes. Instead, a neomorphic
laterosphenoid bone replaces cartilage along the floor of the
braincase and ossifies in membrane adjacent to the otic
capsule (Rieppel, 1976; Bellairs and Kamal, 1981). Interest-
ingly, both the pila antotica and the ala temporalis are
present in the skulls of monotremes (Presley, 1981, 1989)
and remnants of the pila antotica can be observed in some
therian mammals including humans (de Beer, 1937).
Is the evolutionary variability observed in the lateral wall
of the vertebrate braincase related to changes in the distri-
bution of neural crest and mesoderm in the local develop-
mental environment? Perhaps, but this study also suggests
that more than just a simple switch in the source of
skeletogenic mesenchyme may be required to account for
the morphological transformations that have occurred dur-
ing the course of evolution. Following the transplants
performed in this experiment, neural crest could have been
excluded from the lateral wall of the braincase or could
have formed an entirely novel and ectopic skeletal element.
Instead, neural crest was able to substitute for mesoderm
and generate a pleurosphenoid that was otherwise com-
pletely normal and characteristically avian. Factors that
initiate skeletogenesis and pattern the cartilages and bones
s of reproduction in any form reserved.
453Neural Crest Can Replace Mesoderm in the Skullof the lateral wall of the braincase appear to affect both
mesenchymal lineages equally. Therefore, an alteration in
the availability of neural crest versus mesoderm in this
region either through an increase in population size or by an
expanded distribution of cells could lead to a change in the
mesenchymal origins of the skeleton but not in the anat-
omy of the lateral wall of the braincase. While the specific
loss of the primitive pila antotica and its replacement by
the neural crest-derived ala temporalis during mammalian
evolution may have involved a shift in the proportion or
location of skeletogenic cells, the morphological transfor-
mation in the lateral wall of the braincase was most likely
accompanied by other complex and multifactorial changes
in the local developmental environment. One hypothesis
consistent with the results presented here is that the
evolution of the lateral wall of the mammalian braincase
involved a movement of patterning foci and adjacent struc-
tures (e.g., neural tube and jaw adductor muscle complex)
from within a mesodermal territory into the first-arch
neural crest migratory pathway. Such an event may have
been possible given the relative lateral expansion of the
brain, the loss of the primitive braincase wall, and the
dramatic changes in jaw morphology that occurred during
the evolution of mammals.
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